ABSTRACT Two branches of the phosphoenolpyruvate-phosphotransferase system (PTS) operate in the soil bacterium Pseudomonas putida KT2440. One branch encompasses a complete set of enzymes for fructose intake (PTS Fru ), while the other (Nrelated PTS, or PTS Ntr ) controls various cellular functions unrelated to the transport of carbohydrates. The potential of these two systems for regulating central carbon catabolism has been investigated by measuring the metabolic fluxes of isogenic strains bearing nonpolar mutations in PTS Fru or PTS Ntr genes and grown on either fructose (a PTS substrate) or glucose, the transport of which is not governed by the PTS in this bacterium. The flow of carbon from each sugar was distinctly split between the Entner-Doudoroff, pentose phosphate, and Embden-Meyerhof-Parnas pathways in a ratio that was maintained in each of the PTS mutants examined. However, strains lacking PtsN (EIIA Ntr ) displayed significantly higher fluxes in the reactions of the pyruvate shunt, which bypasses malate dehydrogenase in the TCA cycle. This was consistent with the increased activity of the malic enzyme and the pyruvate carboxylase found in the corresponding PTS mutants. Genetic evidence suggested that such a metabolic effect of PtsN required the transfer of high-energy phosphate through the system. The EIIA Ntr protein of the PTS Ntr thus helps adjust central metabolic fluxes to satisfy the anabolic and energetic demands of the overall cell physiology.
oordinating the uptake and the fluxes of C compounds through central metabolic pathways to generate biosynthetic precursor metabolites is essential for bacterial cell growth (1) . This requires multilevel control of the expression and activity of the proteins involved. Transcriptional regulation of biochemical networks is orchestrated through the action of flux-sensing transcriptional factors (2, 3) and small RNAs (4), but often, short-term physiological needs may demand faster, coordinated changes in the activity of already expressed enzymes and related proteins. Phosphorylation is a widespread mechanism for this process, as it affords instant changes in protein activity (5, 6) and allows the channeling of specific signals through the otherwise diffusible medium of the cytoplasm (5) . The phosphoenolpyruvatecarbohydrate phosphotransferase system (PTS) is one of the key players in such a nongenetic control of physiological and metabolic activities (7, 8) in both Gram-negative and Gram-positive bacteria. The PTS includes an array of phosphotransferase activities borne by the proteins EI, HPr, EIIA, and EIIB(C), which may occur as separate polypeptides or as hybrid fusions. EI acquires phosphate from phosphoenolpyruvate (PEP) and subsequently passes it to HPr, and then the phosphorylated HPr (P~HPr) passes it to EIIABC (8, 9) . In the canonical system, the ultimate acceptor of the phosphate is a sugar that becomes phosphorylated by the permease component of the phosphotransfer chain, EIIBC, as it is transported into the cell. The variable PEP/pyruvate ratio that is generated as available sugars are metabolized (8) determines the distribution of phosphorylated versus nonphosphorylated forms of the PTS proteins. These components then signal the metabolic state of the cells to multiple targets by means of protein-protein interactions (8) (9) (10) .
In the soil bacterium Pseudomonas putida, one sugar-specific PTS for fructose transport comprising FruB (EI-HPr-EIIA) and FruA (EIIBC) coexists with an alternative paralogous protein set (PtsP/EI Ntr , PtsO/NPr, and PtsN/EIIA Ntr ), which lacks the EIIBC modules for sugar uptake (Fig. 1) . The functions of the alternative PTS in P. putida and other bacteria are uncertain. While it was first believed to be a sensor of the metabolic balance between N and C (11) (12) (13) , more recent results suggest that it controls also the influx and efflux of potassium ions (14) . However, the initial designation of PTS Ntr (15) has been maintained in the relevant literature, and we use it in this article. Despite the ambiguity regarding the signals that PTS Ntr responds to, the phenotypes of mutants lacking the corresponding proteins indicate that it controls, directly or indirectly, a variety of metabolic functions (14, (16) (17) (18) (19) (20) . Moreover, both in vitro (15) and in vivo (21, 22) evidence indicates that the sugar-related PTS and the PTS Ntr have a degree of cross talk ( Fig. 1) , thus suggesting that the entire PTS network is a major protein-based device for controlling a suite of metabolic processes. However, how can such a hypothesis be tested?
In this work, we exploited the known interplay between the different components of the PTS of P. putida ( Fig. 1 ) for examining the influence of its constituents on central metabolism. To this end, we determined 13 C metabolic fluxes in isogenic P. putida strains carrying single or multiple nonpolar mutations in components of the phosphotransferase systems, grown either on a PTS sugar (fructose) or a non-PTS substrate (glucose). Our data indicate that the PTS Ntr influences the flow of carbon to and from the tricarboxylic acid (TCA) cycle by downregulating the shunt that converts malate to pyruvate. Furthermore, the metabolic phenotypes of the various PTS mutants suggested that such a regulatory action relies on the phosphorylation state of the EIIA Ntr component of the complex in a manner that is dependent on the cross talk between the two branches of the phosphotransferase system in this bacterium. We argue that such a control allows virtually immediate adaptation of the central metabolism of P. putida to changes in the nutrients available in the medium.
RESULTS

Growth of P. putida on PTS versus non-PTS sugars.
While glucose and fructose are similar hexoses with virtually identical energy values, they are predicted to follow different routes into the central metabolism of P. putida (23) . Glucose can be transported through a dedicated ABC uptake system (involving PP1015 to PP1018) (24) into the cytoplasm, where it is phosphorylated to glucose 6-phosphate (G6P) and, further, to 6P-gluconate (Fig. 2) . Alternatively, glucose can also diffuse into the periplasm and be converted there to gluconate and then to 2-ketogluconate. Both of these intermediates are then transported into the cytoplasm to be transformed into 6P-gluconate and to 2-keto-6-phosphogluconate, which is itself converted to 6P-gluconate. Note that regardless of such events, all upstream intermediates from glucose converge towards 6P-gluconate, which can then enter either the Entner-Doudoroff (ED) pathway or the pentose phosphate (PP) pathway (25) (Fig. 2) . In contrast, fructose is imported through a typical PTS permease (FruA) consisting of a fusion of EIIB Fru and EIIC Fru domains. Fructose is thus converted first to fructose 1-phosphate (F1P) and then to fructose 1,6-bisphosphate, which, according to the current metabolic models (26, 27) , can next enter the ED pathway and/or a standard glycolytic Embden-Meyerhof-Parnas (EMP) route (Fig. 2) . Despite these differences in the earlier stages of their metabolism, glucose and fructose ultimately converge into the production of phosphoenolpyruvate (PEP) and pyruvate as the point of entry into the TCA cycle. The major functions of all these central pathways include generating not only biosynthetic precursor metabolites but also NADPH for biosyntesis, NADH for energy, and reductive power to deal with both environmental and endogenous oxidative stress (26, 27) .
The first question of interest was whether growth on a particular sugar influenced the overall physiology of wild-type P. putida MAD2. Inspection of the growth parameters of Table 1 indicates that during the exponential phase, bacteria grew on fructosẽ 60% more slowly than on glucose. As shown in Table 1 , the inferior growth rate on fructose was consistent with a slower uptake of the carbohydrate (~0.75 mmol sugar/g biomass/hour). In contrast, cells grown on glucose consumed the sugar Ͼ6-fold faster (~4.79 mmol glucose/g biomass/hour). These differences in growth parameters (Table 1) suggested that cells might not only channel each of these sugars through different pathways but also adapt to different overall metabolic regimens. To study this possibility, the flow of carbon from each of these sugars through the central metabolic routes (Fig. 2 ) was inspected as described below.
Glucose and fructose meet different metabolic fates in P. putida. The carbon fluxes of cells growing in either glucose or fructose were calculated in steady-state cultures as described in Materials and Methods. First, using 13 C-labeled substrates, we calculated the flux ratios (see Fig. S1 in the supplemental material). These ratios were then used as constraints in a stoichiometric reaction model for the estimation of intracellular carbon fluxes (net fluxes) at 16 sites of the metabolic network (Fig. 2) . For the sake of the analysis, the central biochemical landscape following the uptake of the carbohydrate (Fig. 2) can be grossly differentiated into an upper domain (i.e., the EMP, ED, and PP pathways) for the breakdown of the hexoses into C 3 compounds (pyruvate and phosphoenolpyruvate) and a lower domain that encompasses the phosphoenolpyruvate-pyruvate-oxaloacetate (PEP-Pyr-OAA) checkpoint node and the TCA cycle. Figure 3 shows the division of carbon fluxes (i.e., relative values normalized to the amount of the imported C source) through the upper metabolic domain of P. putida. As expected (25) , the bulk (~96%) of glucose was metabolized via the ED pathway to pyruvate, while the other~4% of the sugar was channeled into the PP route (Fig. 3) . Also as anticipated, no signs of glycolytic activity were detected, as P. putida lacks the phosphofructokinase activity that directs F6P into the EMP pathway (23 EMP pathway, only~34% of the sugar was channeled through this route. The majority of fructose (~52%) was instead diverted to the ED pathway and the rest (~14%) to the PP route. Considering that P. putida is endowed with an entire complement of enzymes for channeling fructose through either the EMP or the ED pathway, it came as a surprise that most of the sugar was still metabolized through a less energetically favorable route (28) . Regardless, these data revealed considerable divergences in the early metabolism of two otherwise similar carbohydrates. However, the final products of the upper metabolism of both sugars were the same: PEP and pyruvate. Accordingly, the next question was whether the further metabolism of these 3C compounds (i.e., their entry into the TCA cycle) (Fig. 2) was independent of how they were generated. The function of the upper metabolic domain determines the mode of access of 3C compounds to the TCA cycle. An examination of the carbon fluxes in cells grown on each of the two sugars studied revealed considerable differences through the lower metabolic domain, particularly through the PEP-Pyr-OAA node (Fig. 4a) . First, cells grown on fructose had a significantly higher gluconeogenic flux from OAA back to PEP catalyzed by the phosphoenolpyruvate carboxylase (Ppc) enzyme. As shown in Fig. 4b , cells grown on fructose had~16% of the PEP derived from OAA (via Ppc),~36% from the ED pathway (via Edd/Eda), and 48% generated via the EMP pathway. In contrast, bacteria consuming glucose had only~7% of their PEP derived from OAA and the rest (~93%) from the ED pathway. A second remarkable difference at the lower metabolism boundary was that the pool of OAA originated directly from malate via malate dehydrogenase (Fig. 4b ) during growth on each sugar. We could calculate that in fructose, 48% of OAA came from malate, a figure that increased to 65% in the case of cells grown on glucose. Moreover, the flux from pyruvate to OAA (catalyzed by Acc-2/OadA) (Fig. 4a ) was 1.5-fold lower in glucose-grown cells than in fructose-grown cells. Comparison of the origins of the pyruvate pool (Fig. 4b) under the two growth conditions indicated that~20% of this metabolite resulted from the activity of the malic enzyme (MaeB) and~60% directly from PEP (via PykA) in cells growing in fructose. These figures diverge from those corresponding to cells grown on glucose, as the breakdown of the pyruvate pool is, in this case,~9% from malate and 43% from PEP. Therefore, the pyruvate shunt (Fig. 4a) is more active during growth on fructose. The increase of the downward flux of PEP¡pyruvate on fructose is likely to stem from the different routes that either sugar followed to that point. As mentioned above, the portion of the fructose that goes through the EMP pathway yields PEP as the primary metabolic product, thus providing more substrate for its conversion to pyruvate and increasing the corresponding flux. In contrast, because most glucose goes through the ED route, a significant portion of the pyruvate is derived directly from the activity of the ED pathway (~48% in glucose versus~20% on fructose) (Fig. 4b) .
The divergent routes of glucose and fructose immediately after their uptake could easily explain the differences found in the upper metabolism of each sugar. However, these differences at the PEP-Pyr-OAA node suggest that another actor(s) may control the performance of such a link between glycolysis, gluconeogenesis, and the TCA cycle (Fig. 2 ). This node acts as a major divider of carbon fluxes among catabolism, anabolism, and the energy supply of the cell (29) . Even small differences in this node's performance have consequences for the overall metabolic homeostasis (30) . Because the only conspicuous difference between the metabolism of the two sugars following production of PEP or pyruvate is their relation to the PTS, we questioned whether any of their phosphotransferases could have a role in setting the different metabolic regimens of cells growing on each of these substrates.
The PTS of P. putida modulates the connection between the upper and the lower sugar metabolic domains. The effect of various components of the PTS of P. putida on the function of both the upper and the lower metabolic domains was examined. To this end, we employed an isogenic collection of P. putida strains bearing single-knock-out, nonpolar mutations (see Materials and Methods) in the genes ptsN, ptsO, ptsP, and fruB ( Fig. 1) , as well as the double mutations ptsN ptsO and ptsP fruB. Because the route of high-energy phosphate through the corresponding PTS proteins is known (21, 31) (Fig. 1) , the phosphorylation state of the relevant proteins can be predicted for each of the mutants. Using these strains, we determined the flux of carbon through both the upper and the lower metabolic domains of each of the PTS mutants grown on either glucose or fructose. The results (see Fig. S1 in the supplemental material) immediately indicated that none of the pts mutations had a significant influence on the fluxes through the upper metabolic domain of cells growing on either sugar, with the anticipated exception of fruB mutants, which cannot grow on fructose (19) . We did observe, however, a number of significant changes in the downstream reactions (i.e., the PEP-Pyr-OAA node). In all cases, the absence of PtsN (EIIA Ntr ) was systematically associated with changes in flux distributions. The corresponding net fluxes of the other mutants (fruB, ptsP, ptsO, and fruB ptsP) were indistinguishable from those of the wild-type on either of the sugars (data not shown) and were not considered in the subsequent analyses. In contrast, as shown in Fig. S2 and Fig. S3 in the supplemental material, strains lacking ptsN displayed higher fluxes in the reactions of the pyruvate shunt, malate¡pyruvate¡OAA (fluxes 12 and 13) (Fig. 2) , regardless of the C source employed for growth. These changes, which were detected in the flux ratios (see Fig. S1 ), became more noticeable when represented as net fluxes (see Fig. S2 and Fig. S3) . These values allow a reliable comparison between different strains because the data are normalized to hexose consumption (see Materials and Methods). As shown in Fig. S2 and Fig. S3 , the flux from pyruvate to OAA catalyzed by the pyruvate carboxylase (flux 13) increased in the ptsN mutant~1.2-fold on glucose (~1.4-fold in the ptsN ptsO strain) and~1.4-fold on fructose (~1.5-fold in the ptsN ptsO mutant). Similarly, the flux from malate to pyruvate (flux 12) caused by the malic enzyme increased in the ptsN straiñ 1.6-fold on glucose (~2.3-fold in the ptsN ptsO mutant) and 1.5-fold on fructose (~1.7-fold in the ptsN ptsO strain). The loss of the PtsN protein thus led, on average, to a 1.6-fold increase in the carbon fluxes of the reactions of the pyruvate shunt. Despite these relatively modest changes, statistical analyses (t tests) demonstrated that the differences in the fluxes of the wild-type strain versus the those in the ptsN and ptsN ptsO mutants were all significant at a confidence level of Ն95%, with the exception of the single ptsN mutant on glucose. This does not, however, change the conclusion, because the single ptsN mutant was the only case where fluxes during growth on glucose were clearly higher than those in the wild-type strain. Moreover, the ptsN mutant also presented higher flux distributions in the TCA cycle than the parental strain when grown on fructose. Because both glucose and fructose resulted in an increase of the activity of the pyruvate shunt in the absence of PtsN, we decided to confirm this observation with enzymatic assays.
PtsN downregulates the activity of the enzymes of the pyruvate shunt. As discussed above, strains lacking PtsN displayed significantly higher fluxes through the pyruvate shunt, which bypasses malate dehydrogenase in the TCA cycle, thus converting malate directly to pyruvate (see Fig. S2 and Fig. S3 in the supplemental material). From a biochemical perspective, this shunt comprises the reaction malate¡pyruvate (see above) and a subsequent step, pyruvate¡oxaloacetate, executed by the pyruvate carboxylase. Note that the last enzyme catalyzes the addition of a carboxyl group to pyruvate (using CO 2 ) (Fig. 4a) to make oxaloacetate. Analysis of the chemical reactions involved in the pyruvate shunt indicates that it is energetically costly (due to the ATP hydrolysis by pyruvate carboxylase) but possibly useful for the redox balance, as it creates NADPH via the malic enzyme. To shed light on this question, the effect of PtsN was separately examined in each of the enzymatic steps that form the shunt.
The genome of P. putida possesses only one candidate gene able to encode the malic enzyme: maeB (PP_5085). In contrast, P. aeruginosa has two equivalent activities that differ in cofactor preference (NAD ϩ or NADP ϩ ) (32). In P. putida, two genes encode the corresponding subunits of pyruvate carboxylase: accC-2 (PP_5347) and oadA (PP_5346). To determine whether the effect of PtsN (EIIA Ntr ) on the pyruvate shunt reflects a direct or indirect action of the phosphotransferase on its constituent enzymatic activities, cell-free extracts were prepared from wild-type P. putida and from the ptsN and ptsN ptsO mutants after growth on either fructose or glucose. The protein samples were then assayed for activity of the malic enzyme and pyruvate carboxylase as explained in Materials and Methods, with the results shown in Fig. 5 . Note that the only measurable activity of the malic enzyme was NADP-dependent, not NAD-dependent. This confirmed the presence of a single isoenzyme, likely encoded by maeB. Figure 5 shows that such an activity was higher in cell extracts devoid of PtsN (or PtsN/PtsO), regardless of the carbon source employed for growth. This trend was also observed when the specific activity of the pyruvate carboxylase was measured in the extracts of the mutants; both increased with respect to the wild-type independ ently of the sugar present in the growth medium. These differences in key enzymes at the boundary of the upper and lower metabolic domains (Fig. 2 ) may suffice to explain the observed divergences of the corresponding fluxes reported above. Because transcription of maeB, accC-2, or oadA is not affected by the loss of PtsN (K. Pflüger-Grau et al., unpublished data), it is plausible that downregulation of the encoded enzymes is caused by direct protein-protein interactions, as is the rule for other PTS proteins (14, 18, 33) .
The regulatory effects of PTS can be traced to the nonphosphorylated form of the EIIA Ntr protein. The results presented thus far point to PtsN as the only constituent of the P. putida PTS that is consistently associated with the changes in the fluxes reported above, but these results do not reveal the possible mechanism(s) involved. Some orthologous PtsN proteins from other bacteria (e.g., Salmonella [33] ) have been observed to control the activity of other proteins regardless of their phosphorylation state. However, the majority of cases where the issue has been examined (18, (34) (35) (36) reveal that the action of EIIA-type enzymes on target proteins depends on the phosphorylation state of a conserved His residue, which in P. putida is residue 68 of the primary amino acid sequence. While the data above did not shed any direct light on this question, a comparison of the metabolic behavior of the mutants with the known routes of high-energy phosphorus though the phosphotransferases of the system (Fig. 1) provided some hints. On the one hand, the presence of PtsN was associated with a less active pyruvate shunt, while the loss of the EIIA Ntr protein led to the stimulation of such a metabolic node (see Fig. S2 and Fig. S3) , regardless of any other accompanying or alternative mutations. On the other hand, because PtsN can be phosphorylated both by PtsO (NPr, itself phosphorylated by PtsP/EI Ntr ) (Fig. 1) and by FruB (21), any of the strains bearing single fruB or ptsP mutations still generate a pool of phosphorylated and nonphosphorylated EIIA Ntr proteins (21) . However, the ptsP fruB mutant lacks any phosphotransferase able to target the H68 residue of PtsN, and therefore, EIIA Ntr is kept entirely in a nonphosphorylated state (21) . Because downregulation of the pyruvate shunt is maintained in the ptsP fruB strain (see Fig. S1 ), the logical conclusion is that the nonphosphorylated form of EIIA Ntr is the cause of all regulatory effects observed. To test this hypothesis, we examined the activity of the malic enzyme as a proxy of all metabolic effects of EIIA Ntr in a P. putida MAD2 derivative bearing an allele of ptsN [ptsN(H68A)] in which H68 of the protein had been changed to an alanine (34) . ptsN(H68A) thus encodes a product comparable to the wild-type enzyme except that it cannot be phosphorylated. Replacements of His by Ala in phosphotranferases are generally considered to lock the corresponding protein in the nonphosphorylated state (31). The P. putida ptsN(H68A) strain possessed levels of malic enzyme activity as low as those of the wild type and clearly differentiated from those of the ptsN mutant ( Fig. 5c and d) , confirming that the nonphosphorylated form of EIIA Ntr directly or indirectly downregulates this key step of the pyruvate shunt.
DISCUSSION
Unlike genetic networks, the functioning of which resembles circuits that follow a digital, binary logic (37, 38) , metabolic networks are characterized by a type of homeostasis which prevents drastic responses to nutritional or environmental perturbations (30) . Instead of the typical all-or-nothing behavior of the constituents of the bacterial transcriptome (30) , biochemical networks are regulated by devices that tune, rather than switch, given metabolic regimes according to the overall physiological conditions. In the case of central metabolism, this process allows cells to generate the appropriate ratios of biosynthetic precursors to achieve balanced growth. Along with the allosteric regulation of enzymes and transcriptional factors by small molecules and metabolites (39) , the PTS is recognized as an autonomous biochemical device that modulates a variety of cell functions in response to the intracellular PEP/pyruvate ratio (29) , the presence of cognate sugars as growth substrates (8) , the N/C ratio (40) and the intracellular/ extracellular fraction of potassium ions (14, 18, 35) . Given this background, we wanted to characterize the metabolic consequences of growing P. putida on either a PTS sugar (fructose) or a non-PTS counterpart (glucose).
Despite a structural similarity between the two hexoses and their close energy values, our data indicate that P. putida KT2440 metabolizes these two sugars through different metabolic routes. While glucose is consumed by many eubacteria through the typi- cal glycolytic EMP pathway and only occasionally through the ED route (25) , P. putida nearly exclusively employs the latter to metabolize this archetypal sugar (24) (see above). The EMP pathway is also disfavored in the case of fructose, as the greater portion of this carbohydrate is channeled into central metabolism through the ED enzymes as well. This comes as a surprise because, unlike glucose, P. putida has all the necessary enzymes to efficiently direct fructose metabolism through the standard and more thermodynamically favorable EMP route (28) . However, a mere 34% of the upper C flow goes into glycolysis, compared to the majority, 52%, that runs through the ED pathway (Fig. 3) . This paradox, which is not easy to explain, might be due to the environmental lifestyle of P. putida compared to typically glycolytic microorganisms, e.g., an increased demand of ED intermediates for constructing cell wall polymers and/or the increased demand for reduction equivalents (NADPH), the synthesis of which is favored in an ED regimen (41) . Additionally, P. putida could use the ED route to rapidly earmark glucose for gluconate and thus sequester available carbon away from its competitors.
The differences between glucose and fructose utilization in the upper metabolic domain are reflected in the subsequent downstream reactions. As presented above, the flux of PEP¡pyruvate, the activity of the pyruvate shunt, and the gluconeogenic reaction of OAA¡PEP were more pronounced in cells grown on fructose than in their glucose-grown counterparts. The most salient difference was, in fact, the~2.4-fold stimulation of the pyruvate shunt in cells grown on fructose. While the importance of this shunt in the metabolism of Pseudomonas has already been reported (24, 42) , its biological role in this bacterium is puzzling. The two reactions involved in the shunt (malic enzyme and pyruvate carboxylase) result in a bypass that hydrolyzes ATP. Apparently futile metabolic reactions often behave as security valves for releasing carbon overflow (24, 43) , an issue that, in the case of P. putida, deserves further study. Alternatively, this shunt might be a way to generate more NADPH, which again could be due to the lifestyle of P. putida and its requirements for more reducing equivalents. Regardless of such a biological function, fructose clearly stimulates various fluxes at the boundaries of the upper and the lower metabolic domains, or glucose represses them, resulting in the reported effects.
Given that both the EMP and the ED pathways ultimately produce the same intermediates (pyruvate and PEP) that feed the TCA cycle (Fig. 2) , how is the operation of the upper metabolism transmitted to the downstream reactions? Because the major difference between glucose and fructose is their status as non-PTS and PTS sugars, respectively, we explored the effect of the corresponding phosphotransferases on the strength of the same pathway fluxes we studied with glucose versus fructose utilization. The results above reveal that (i) out of all the PTS proteins of P. putida, only PtsN (EIIA Ntr ) had a regulatory influence on the performance of central metabolic pathways, (ii) such an effect targets the activity of the pyruvate shunt, and (iii) strains expressing a nonphosphorylated form of EIIA Ntr display a lower activity of the malic enzyme. Therefore, the most plausible scenario is that the inhibitory action of PtsN is exerted by the nonphosphorylated protein. This scenario does not rule out the possibility that the same phosphotransferase may also have a scaffolding role in a multiprotein complex involving various metabolic enzymes (17, 34) . The crucial question is, however, whether the metabolic effects of the nonphosphorylated form of EIIA Ntr and the enhancement of the pyruvate shunt in cells grown on fructose reflect the same regulatory event(s). As argued below, we advocate the view that they are closely related, if not largely equivalent, phenomena.
The phosphorylation state of PtsN has been demonstrated to depend both on PtsP and FruB (21) (Fig. 1) . However, expression of the fruBKA operon in P. putida is under the strict control of the FruR (Cra) repressor (38) , which is relieved only by fructose 1-phosphate (F1P), a compound that is produced exclusively in the presence of fructose (Fig. 1) . When this PTS sugar is available, FruB is expressed, and PtsN can be phosphorylated by both PtsP and FruB. Glucose metabolism, in contrast, does not produce any F1P; thus, FruB is not expressed, and PtsN is amenable to phosphorylation by PtsP only. Our prediction is therefore that the pool of nonphosphorylated PtsN will be higher when grown on glucose because fructose induces an extra kinase activity (FruB) that increases the share of EIIA Ntr~P . This is precisely what happens when P. putida cells grow exponentially in the presence of either glucose or fructose: the ratio of EIIA/EIIA Ntr~P is higher than on the non-PTS sugar, while fructose leads to almost no accumulation of nonphosphorylated EIIA Ntr (21) . If nonphosphorylated PtsN inhibits the pyruvate shunt, then somewhat similar effects could be obtained either by growing the cells on fructose or by simply deleting the ptsN gene. This is the trend observed in most of the data presented above. This explanation accounts for the phenomena reported in this work and pinpoints the PTS of P. putida as a key player in controlling such central metabolic transactions.
The results above do not indicate whether the regulatory action of PtsN on the biochemical reactions studied here is exerted directly through protein-protein interactions (as observed in many other cases with PTS proteins) (18, (33) (34) (35) or indirectly through changes in the levels of allosteric effectors of the relevant enzymes. Furthermore, the effects may not be limited to the PEP-Pyr-OAA node but may also extend to the entry of AcCoA into the TCA cycle by means of the enzyme pyruvate dehydrogenase (PDH). We have recently demonstrated that the nonphosphorylated form of EIIA Ntr binds the AceE component of PDH in vitro, downregulating its activity (34) . Because some pyruvate carboxylases respond to AcCoA (42) , the higher activity of the P. putida enzyme in the ptsN mutant reported above could stem from a higher conversion of pyruvate to AcCoA (reaction 11 in Fig. 2 ). Whatever the mechanism, the data presented above strengthen the view that the PTS is a key biochemical device for adjusting metabolic fluxes to satisfy the anabolic and energetic demands of the overall cell. Additionally, these results highlight the importance of posttranslational regulation of enzymatic networks, not just genetic control, for engineering P. putida cells as cell factories for the biotransformation or biodegradation of unusual substrates.
MATERIALS AND METHODS
Strains and media. All Pseudomonas strains used in this work were derived from P. putida MAD2 (44) . This is a variant of the reference strain P. putida KT2440 inserted with a lacZ gene, which is otherwise irrelevant for the purpose of this work. All PTS mutants derived from P. putida MAD2 and employed in the experiments described below have been reported elsewhere (16, 45) . These mutants were generated by inserting either a kanamycin (km) resistance gene or the xylE marker into ptsP, ptsO, ptsN, and fruB. The ptsN(H68A) strain employed for studying the effect of EIIA Ntr phosphorylation on activity of the malic enzyme was reported before (34) . This mutant expresses a PtsN variant in which the phosphorylatable His-68 of the EIIA Ntr protein was replaced by an Ala residue as described previously (34) . Unless indicated otherwise, cells were grown at 30°C in synthetic mineral M9 medium (46) with 0.3% glucose or fructose as the sole carbon and energy source.
Growth conditions and analytical procedures. For the determination of physiological parameters, bacteria were cultured at 30°C in 500-ml baffled shake flasks with 50 ml of M9 medium with either glucose or fructose. Cell growth was monitored spectrophotometrically at 600 nm (OD 600 ), and sugar concentrations were determined enzymatically with the glucose (HK) assay kit (Sigma-Aldrich) and the D-fructose kit (Enzytec) according to the manufacturers' instructions. The following physiological parameters were determined using regression analysis during the exponential growth phase of the batch culture as described elsewhere (47): the maximum specific growth rate, the biomass yield on glucose or fructose, and specific glucose or fructose consumption. The correlation factors (k) between cell dry weight (CDW) and OD 600 were determined from batch cultures of each mutant. CDWs were measured from at least four parallel 10-ml cell suspensions by harvesting the cells using fast filtration through preweighted nitrocellulose filters (0.45 m), which were subsequently washed with 0.9% NaCl and dried at 105°C for 24 h to a constant weight.
Metabolic flux ratio analysis by GC-MS. Growth substrates were purchased from Sigma-Aldrich. To follow the metabolic fate of distinct atoms of glucose and fructose, cells were cultured in a medium with a unique substrate labeled only at carbon 1 (i.e., [1-13 C]glucose or [1-13 C]fructose). Alternatively, cells were also grown in a second medium containing a mixture of 20% uniformly labeled molecules ([U- 13 C]glucose or [U-13 C]fructose) and 80% nonlabeled substrate (again, glucose or fructose). In either case, 5-ml cell aliquots were harvested at mid-exponential-phase growth using centrifugation at 1,200 ϫ g and 4°C for 10 min. The pellet was washed twice with 1 ml of 0.9% NaCl and then hydrolyzed in 1 ml 6 M HCl for 24 h at 110°C in sealed 2-ml Eppendorf tubes. Samples were then desiccated overnight in a heating block at 85°C under a constant air stream. The hydrolysate was dissolved in 30 l of 99.8% pure dimethyl formamide. For derivatization, 20 l of N-methyl-N-(tert-butyldimethylsilyl)-trifluoroacetamide was added, and the mixture was incubated at 85°C for 60 min. The gas chromatography-mass spectrometry (GC-MS)-derived mass isotope distributions of proteinogenic amino acids were analyzed by injecting 1 l of the derivatized sample into a gas chromatograph 6890 N (Agilent Technologies) combined with a mass-selective detector model 5973 (Agilent Technologies) and analyzed as described previously (48, 49) . The corrected mass distributions were related to the in vivo metabolic activities obtained with previously described algebraic equations and statistical-data treatments of metabolic-flux ratio analysis (49) using the software Fiat Flux (50).
13 C-constrained metabolic net flux analysis. The metabolic model used for net flux analysis was based on the master reaction network (25) with some modifications in the upper metabolic domain for growth on fructose. In particular, we implemented the fact that, in P. putida, fructose is taken up by the PTS Fru and directly activated to F1P, which is then converted to fructose 1,6-bisphosphate (FBP) by the activity of the 1-phosphofructokinase FruK (23, 28, (51) (52) (53) (54) (55) (Fig. 2) . Net fluxes were calculated using (i) the stoichiometric reaction matrix, (ii) the METAFoR analysis-derived flux ratios, (iii) physiological data, and (iv) precursor requirements for biomass synthesis as described previously (50) . Specifically, the following flux ratios were considered: serine derived from the Embden-Meyerhof-Parnas (EMP) pathway, pyruvate derived from the Entner-Doudoroff (ED) pathway, oxaloacetate (OAA) derived from pyruvate, phosphoenolpyruvate (PEP) derived from OAA, the lower and upper bounds of pyruvate derived from malate, and the upper bound of PEP derived from the pentose phosphate (PP) pathway. The stoichiometric matrix was then solved with the MatLab-based program Netto of the Fiat Flux software (50) using both metabolite balances and flux ratios to obtain the estimated net fluxes.
Measurement of enzymatic activities. Crude cell extracts for in vitro enzyme assays were prepared as follows. After reaching the exponential phase, 50-ml cultures of the strains of interest were harvested using centrifugation (15 min, 4,000 ϫ g, 4°C). The pellets were then resuspended in phosphate-buffered saline buffer (1ϫ) to a concentration equivalent to that of a 25-ml culture at an OD 600 of 0.8 per ml of suspension. The cells were sonicated on ice and spun down for 30 min at 14,000 ϫ g to collect the debris. The protein concentrations of the supernatants were measured using the Bradford assay (56) before use in enzymatic assays. The NADPdependent malic enzyme was assayed as described elsewhere (57) . The reaction mixture (200 l) contained 25 g of cell extract in a buffer with 67 mM triethanolamine, 3.3 mM l-malic acid, 0.3 mM ␤-NADP, and 5.0 mM magnesium chloride. The specific activity was monitored spectrophotometrically: the increase in 340-nm absorbance at 25°C due to NADPH production was followed for 10 min in a 200-l well plate with the Victor2 multitasking plate reader (PerkinElmer). The enzymatic activities were then calculated as micromoles of substrate converted per milligram of protein per minute (U/mg protein). The pyruvate carboxylase assays (58) were run similarly in a 200-l volume containing 75 g of cell protein extract in a buffer with 134 mM triethanolamine, 5 mM magnesium sulfate, 7 mM pyruvic acid, 0.12% (wt/vol) bovine serum albumin, 0.23 mM ␤-NADH, 0.05 mM acetyl coenzyme A, 2.63 U malic dehydrogenase (Sigma Aldrich), 1 mM adenosine 5'-triphosphate, 15 mM potassium bicarbonate, 0.05% (vol/vol) glycerol, 0.002 mM magnesium acetate, 0.001 mM EDTA, and 0.05 mM Tris-HCl. The decrease in absorbance at 340 nm due to NADH consumption at 25°C was followed for 10 min, and the units were expressed in mol of substrate converted/mg protein/min (U/mg protein) as before.
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